Purpose: The purpose of this study was to evaluate the effectiveness and tolerability of "on-demand" combination therapy with sorafenib and hepatic arterial treatments, such as transarterial chemoembolization and hepatic arterial infusion chemotherapy, in patients with hepatocellular carcinoma (HCC). Patients and methods: Eighty consecutive patients with advanced HCC, 58 administered sorafenib monotherapy and 22 administered on-demand combination therapy, were retrospectively evaluated. Results: The disease control rate was significantly higher in the combination group than in the monotherapy group (86.3% vs 51.7%, p=0.01). Elevated alanine aminotransferase levels were significantly more frequent in the combination group (40.9% vs 12.1%, p=0.01), but it was tolerable. Progression-free survival (180 vs 45 days, p=0.045) and overall survival (983 vs 452 days, p=0.004) were significantly longer in the combination group, as was the duration of sorafenib treatment (367 vs 66 days, p,0.001). Multivariate analysis showed that hepatitis C virus infection, disease control, and combination therapy were positive independent prognostic factors for survival, whereas alpha-fetoprotein .400 ng/mL was negatively prognostic. In patients receiving combination therapy, male sex, hepatitis B virus infection, performance status deterioration, Barcelona clinic liver cancer-B, and major vascular invasion were prognostic of survival. Conclusion: On-demand combination therapy was tolerated and may be a therapeutic option for patients with advanced HCC.
Introduction
Hepatocellular carcinoma (HCC) is a life-threatening disease worldwide and frequently diagnosed at an advanced stage.
1,2 Therefore, most patients are ineligible for curative treatments, such as resection, locoregional ablative therapy, and liver transplantation. 3 Survival of patients with unresectable HCC may be prolonged by transarterial chemoembolization (TACE), hepatic arterial infusion chemotherapy (HAIC), or systemic therapy. TACE is a standard treatment option for patients with multiple HCC nodules located only in the liver and not infiltrating major blood vessels (intermediate stage, Barcelona clinic liver cancer [BCLC]-B). [4] [5] [6] Treatment with the oral multikinase inhibitor sorafenib may provide better prognosis for patients with BCLC-B HCC who are refractory to TACE, 7, 8 and significantly improve survival in patients with advanced HCC accompanied by major vascular invasion (MVI) or submit your manuscript | www.dovepress.com
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Tajiri et al extrahepatic metastasis (EHM; advanced stage, BCLC-C). 9, 10 Another oral multikinase inhibitor, regorafenib, was recently shown to improve survival in patients with advanced HCC who were refractory to sorafenib (RESORCE trial), leading to its approval as a second-line treatment for advanced HCC. 11 Furthermore, lenvatinib has been shown to be effective similar to sorafenib as first-line therapy in patients with advanced HCC. 12 Thus, at present, tyrosine-kinase inhibitors (TKIs) are standard treatments for patients with advanced, unresectable HCC.
Although shown to provide survival benefits in patients who achieve stable disease, sorafenib has an objective response rate, defined as the percentage of patients who show a reduction in tumor size, of only 2.0%-3.3%, which is considered as unsatisfactory. 9, 10 Thus, combinations of sorafenib with other treatment modalities, especially TACE, have been tested. TACE has been shown to enhance the expression of vascular endothelial growth factor (VEGF), which is associated with the tumor growth, whereas sorafenib was found to suppress VEGF expression, leading to some favorable synergistic effects. 13 Indeed, meta-analyses have shown that sorafenib combined with TACE improved the overall survival (OS), time to progression (TTP), and objective response ratio compared with TACE alone. [14] [15] [16] [17] In contrast, other meta-analyses showed that this combination improved TTP but not OS. 18, 19 Thus, combination therapy with sorafenib and TACE is theoretically promising, but its clinical benefits remain unclear, especially in patients refractory to TACE. In addition, HAIC has been shown to induce tumor shrinkage and regression of vascular invasion, especially in Japanese patients. The survival benefits of HAIC plus sorafenib have not yet been determined, although this combination has shown some favorable effects, especially in patients with major portal invasion. [20] [21] [22] The present study retrospectively compared the efficacy and safety of sorafenib monotherapy and sorafenib plus on-demand TACE/HAIC in patients with advanced HCC. The results suggested that, compared with sorafenib alone, on-demand hepatic arterial treatments such as TACE or HAIC combined with sorafenib improved disease control and prolonged OS in patients with advanced HCC.
Patients and methods Patients
The data of 80 consecutive patients with advanced stage HCC at Toyama University Hospital who were administered sorafenib (Nexavar ® ; Bayer HealthCare Pharmaceuticals, West Haven, CT, USA) or were refractory to TACE from February 2009 to March 2017 were retrospectively reviewed. HCC was diagnosed based on typical radiological findings, increases in tumor markers, or histological findings. MVI and EHM were evaluated in all patients by computed tomography (CT), magnetic resonance imaging (MRI), and/or radioisotope examination before sorafenib treatment. In this study, MVI was defined as Vp3, Vp4, or Vv3. The presence of anti-hepatitis C virus (HCV) antibody was defined as positive for HCV infection, and the presence of hepatitis B surface antigen was defined as positive for hepatitis B virus (HBV) infection. Other etiologic causes of liver injury, including alcoholic and nonalcoholic fatty liver diseases and/or autoimmune liver diseases, were defined as "Others". Most patients had preserved liver function, defined at Child-Pugh grade A in this study, although some had Child-Pugh grade B (7 points). Albumin-bilirubin (ALBI) grade, a useful assessment of hepatic function for therapeutic decision making, was calculated as (log10 bilirubin [μmol/L]×0.66)+(albumin [g/L]×-0.085), with grades 1, 2, and 3 defined as #-2.60, .-2.60 to -1.39, and .-1.39, respectively. 23, 24 The BCLC-B stage was subclassified as described. 25 Written informed consent was obtained from all participants or their proxies before treatment, and the study protocol was approved by the ethics committee of the University of Toyama (Approval Number: [25] [26] [27] [28] [29] [30] [31] . This study was conducted in accordance with the Declaration of Helsinki.
sorafenib treatment
Most patients were administered 800 mg/day oral sorafenib (400 mg BID), although several patients with poor hepatic reserve function and performance status (PS) were started at 400 mg/day at the discretion of their physician. Sorafenib treatment was suspended in patients with grades 3-4 hematological toxicity or grade 3 non-hematological toxicity but resumed at a reduced dose (400 mg/day) when the toxicities improved to grade 1 or 2. When required, the sorafenib dose was reduced to 400 mg every other day. If further dose reduction was needed, administration of sorafenib was discontinued. Sorafenib was continued until each physician judged it ineffective or intolerable.
combination therapy
Since 2013, patients with HCC at our institution who were deemed unlikely to achieve stable disease in response to sorafenib monotherapy, as shown by early radiological findings or changes in tumor markers within 4 weeks of sorafenib administration, or who had factors associated with tumor submit your manuscript | www.dovepress.com
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Tajiri et al progression, such as MVI, were considered candidates for sorafenib plus TACE or HAIC. TACE plus sorafenib was administered to patients with progressive intrahepatic lesions (tumors that were rapidly growing and/or .6 cm in diameter) at the discretion of the physician. In TACE treatment, angiography was performed by inserting a 3 Fr catheter through the femoral artery. The tip of the microcatheter was superselected into the tumor-feeding branches. After identification of the tumor-feeding artery, chemoembolization was achieved as selectively as possible with 1-7 mL of an emulsion of Lipiodol containing an anticancer agent (Miriplatin ® ; Sumitomo Dainippon Pharma Co., Ltd., Osaka, Japan). Embolization with gelatin particles (Gerpart ® ; Nippon Kayaku Co., Ltd; Tokyo, Japan) was performed after administration of the agent, until no tumor staining was observed on repeated angiography. Some patients refractory or intolerant to TACE with Miriplatin ® underwent TACE using drug-eluting beads and Epirubicin ® (epirubicin hydrochloride; Nippon Kayaku Co., Ltd., Tokyo, Japan). Sorafenib was continued during the TACE procedure. TACE was repeated every 8-12 weeks if residual viable tumor was evident, and TACE could be associated with good prognosis. Patients with MVI (Vp3 or Vp4) or refractory to TACE were treated with HAIC plus sorafenib. 26 HAIC was performed using 5-fluorouracil (5-FU ® ; Kyowa Hakko Kirin Co., Ltd. Tokyo, Japan) and IA call ® (arterial cisplatin; Nippon Kayaku Co., Ltd.) as described. 27 In patients who underwent implantation of a subcutaneous injection port for HAIC, sorafenib was discontinued for several days during the procedure but resumed as soon as possible. Combination therapy was continued until the physician judged it ineffective or intolerable. Combination therapy for intrahepatic lesions was administered to patients with extrahepatic metastases, if the former were considered prognostic of survival outcomes.
Tumor response and toxicity assessment
Tumor response was evaluated by dynamic CT or MRI, performed every 8-12 weeks, using the modified Response Evaluation Criteria in Solid Tumors. 28 The best tumor response at each examination was documented. Assessment of adverse events found during treatment was based on National Cancer Institute Common Toxicity Criteria for Adverse Events version 4.0.
statistical analyses
All statistical analyses were performed using SPSS version 19.0 (IBM Corporation, Armonk, NY, USA). Categorical variables were evaluated using the chi-square test or Fisher's exact test, as appropriate. Continuous variables were analyzed using the Mann-Whitney U test. Progression-free survival (PFS) and OS after the start of sorafenib administration were analyzed using the Kaplan-Meier method and compared by log-rank tests. Univariate and multivariate analyses were performed using the Cox proportional hazards model. A p-value ,0.05 was considered as statistically significant.
Results
Patient characteristics
The demographic and clinical characteristics of all 80 patients included in this study are given in Table 1 . Most patients were men, with a median age of 68 years. The main causes of HCC were chronic HCV and HBV infection, with the major cause among the patients with nonviral etiology being alcohol (23/32). Liver function was relatively conserved. Approximately 40% of patients in both groups had BCLC-B (intermediate stage) HCC, although the percentage of patients with BCLC-B2 stage HCC was higher in the combination group. Most patients had prior treatments, including TACE. The characteristics of patients in the monotherapy and combination therapy groups did not differ significantly (Table 1) . In all, 14 patients with MVI, whose disease was deemed uncontrollable by sorafenib monotherapy, were administered combination of sorafenib and HAIC, whereas 13 patients showing progression of intrahepatic lesions were administered combination of sorafenib and TACE (Figure 1 ). Of the patients who received TACE plus sorafenib, five, who did not achieve stable disease, were switched to HAIC plus sorafenib.
sorafenib treatment
The details of sorafenib treatment are given in Table 2 . The proportion of patients requiring sorafenib dose reductions was similar in the two groups. However, the duration of sorafenib treatment was significantly shorter in the monotherapy group. Evaluation of combination therapy showed that 13 (59.1%) patients received TACE and 14 (68.4%) received HAIC. The median number of TACE sessions per patient was 4 (range [1] [2] [3] [4] [5] [6] [7] [8] , and the median number of HAIC sessions per patient was 6 (range 2-8). Five patients who were refractory to sorafenib plus TACE (median 2 sessions, range 1-2) were subsequently treated with sorafenib plus HAIC (median 6 sessions, range 4-8). Sorafenib was discontinued due to disease progression in about half of the patients. There were no significant between-group differences in adverse events causing sorafenib discontinuation and no significant betweengroup differences in antitumor effects. However, the objective response rates (complete response+partial response) in the monotherapy and combination therapy groups were 9.3% (5/54) and 13.6% (3/22), respectively, whereas the disease control rate was significantly higher in the combination therapy group than in the monotherapy group (86.3% vs 51.7%, p=0.01). Although the proportion of patients who were treated after sorafenib discontinuation did not differ significantly in the two groups, the percentage of patients who received only palliative care was frequently higher in the combination group. Combination therapy was also associated with higher rates of hepatotoxic and hematologic adverse events (Table 3) . However, the percentage of patients who discontinued sorafenib due to adverse effects was similar in the two groups (Table 2 ). These results showed that the combination therapy was tolerable and could prolong the duration of nonprogression of HCC.
PFs and Os
Evaluation of survival outcomes after sorafenib administration in all patients showed that median survival time (MST) was 94 days (95% CI: 73.8-114.2 days) for PFS and 550 days (95% CI: 352.6-747.4 days) for OS. OS in patients with BCLC-B tended to be longer than in those with BCLC-C (MST: 869 vs 477 days, respectively). OS in our BCLC-C cohort was longer than that in a previous study (11 months [330 days], 95% CI 6-14 months). 6 PFS was significantly longer in the combination therapy group than in the sorafenib monotherapy group (180 vs 85 days, p=0.045; Figure 2A ) but did not differ significantly in patients with BCLC-B (120 vs 180 days, p=0.896) and BCLC-C (180 vs 270 days, p=0.149) treated with TACE plus sorafenib and HAIC plus sorafenib. Median OS was significantly longer in the combination therapy group than in the sorafenib monotherapy group (983 vs 452 days, p=0.004; Figure 2B ) but did not differ significantly in patients with BCLC-B submit your manuscript | www.dovepress.com
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Tajiri et al Figure 2 Kaplan-Meier analyses of (A) PFs and (B) Os in groups of patients administered combination therapy (comb.; n=22) and sorafenib monotherapy (Mono.; n=58). Between-group differences were analyzed by log-rank tests. (C) Forest-plot analysis. Abbreviations: PFS, progression-free survival; OS, overall survival; HCV, hepatitis C virus; HBV, hepatitis B virus; ECOG, Eastern Cooperative Oncology Group; PS, performance status; BCLC, Barcelona clinical liver cancer; AFP, alpha-fetoprotein; MVI, major vascular invasion; EHM, extrahepatic metastasis.
(not reached vs 850 days, p=0.135) and BCLC-C (1,180 vs 580 days, p=0.245) treated with TACE plus sorafenib and HAIC plus sorafenib. The duration of sorafenib treatment was significantly longer in the combination therapy than in the monotherapy (Table 2 ). These results suggested that combination therapy could provide better disease control than monotherapy, prolonging sorafenib administration and OS.
Survival benefits of combination therapy
Univariate analysis revealed that HCV infection, BCLC-B, disease control, and combination therapy were associated with prolonged survival, whereas HBV infection, decreased PS, increased alpha-fetoprotein (AFP) (.400 ng/mL), and the presence of MVI were associated with shorter survival (Table 4 ). Multivariate analysis showed that HCV infection, increased AFP (.400 ng/mL), disease control, and combination therapy were independently prognostic of survival (Table 4) . Cox regression analysis to determine patients who could benefit from combination therapy showed that HBV infection (HR 0.14; 95% CI: 0.03-0.66), the presence of symptoms (HR 0.32, 95% CI: 0.11-0.91), BCLC-B (HR 0.31, 95% CI: 0.10-0.96), and MVI (HR 0.40, 95% CI: 0.17-0.93) were associated with better prognosis with combination therapy ( Figure 2C ). These results indicate that combination therapy provides survival benefits to patients whose disease is difficult to control with sorafenib monotherapy.
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Discussion
The present study showed that combination therapy with sorafenib plus hepatic arterial treatment, TACE or HAIC, was effective and tolerable in patients with advanced HCC. Sorafenib has been reported to be insufficient to treat HCC patients with severe portal vein tumor thrombi 29 and less effective for patients infected with HBV. 30 Combination therapy may be effective in patients who are likely to be refractory to sorafenib, as it may counter these deficiencies of sorafenib. In a large-scale global postmarketing survey (global investigation of therapeutic decisions in HCC and of its treatment with sorafenib, GIDEON), 325 patients, or 10.1% of all patients, administered TACE and sorafenib concomitantly showed longer OS than patients administered non-concomitant TACE (21.6 vs 9.7 months). 31 Moreover, the median duration of sorafenib treatment was longer in patients with concomitant TACE (36.4 vs 13.1 weeks), 31 similar to the findings of the present study. Sorafenib continued to be effective even after radiologic confirmation of progressive disease. 32 Prolonged sorafenib treatment is considered useful in patients with advanced HCC. For example, a comparative study that included propensity score analysis found that TTP was longer in patients treated with TACE plus sorafenib than with sorafenib alone. 33 Although their comparative effects on OS were unclear, combination therapy was found to prolong OS in a subgroup of patients with vascular invasion, 33 similar to the results of the present study. Thus, sorafenib combined with TACE may be useful in patients with MVI or in those who may be refractory to sorafenib monotherapy, by improving disease control and prolonging the duration of sorafenib administration.
The present study also found that combination therapy was favorable in patients with BCLC-B. Many patients with BCLC-B2 were included in the combination therapy group, as combination therapy was considered for patients showing rapid tumor progression. Shorter TTP after TACE was shown to be closely associated with poor prognosis. 34, 35 Sorafenib-based combination therapy may therefore be a treatment option in patients with aggressive BCLC-B2 HCC.
TKIs and hepatic arterial therapy may show positive synergistic effects. TKIs can suppress the increased expression of VEGF induced after arterial embolization, 13 and tumor vasculature can be normalized by anti-VEGF drugs. 36, 37 However, four randomized studies found no synergistic effects between TKIs and hepatic arterial therapy on survival outcomes, especially on OS, but did show an increase in adverse events. [38] [39] [40] [41] In these studies, TACE was administered every 4-6 weeks until complete tumor necrosis. [38] [39] [40] This schedule of TACE may have resulted in a higher incidence of severe adverse events than on-demand TACE. 42 Metaanalyses confirmed that, compared with TACE monotherapy, combination therapy with sorafenib plus TACE improved TTP, [14] [15] [16] [17] but the effects on OS are unclear. 18, 19 A recent review suggested that the timing of sorafenib administration, the low dose and short duration of sorafenib treatment, the adverse effects of scheduled TACE, and the definition of progression based on RESIST criteria are not adequate in trials of TACE combination. 43 A randomized Phase II trial submit your manuscript | www.dovepress.com
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The potential benefits of TACE in patients with advanced HCC have been described. A large case-control study showed that TACE was safe and effective in patients with MVI. 45 Moreover, intrahepatic control by TACE was shown to benefit patients with EHM. 46 Potential adverse effects should be carefully considered in individual patients prior to initiating combination therapy.
HAIC is a treatment option for advanced HCC, especially in Japan, inducing tumor shrinkage or regression of vascular invasion. Its concept is based on increased local concentration of anticancer drugs in the tumor and reduced systemic distribution of these drugs. 47 Comparative studies showed that HAIC had more favorable treatment outcomes than sorafenib. 48, 49 In a recent Phase III trial (SILIUS trial), the combination effect of sorafenib and HAIC was shown to have positive effects in patients with MVI. 22 HAIC is not a standard treatment modality for advanced HCC except in Japan. However, there is no established therapeutic modality for advanced HCC with severe MVI. On-demand HAIC in combination with sorafenib may be a therapeutic option for these patients. Combinations of sorafenib and these hepatic arterial therapies shown superior for tumor control may be beneficial if adverse events are better tolerated.
The present study had several limitations. First, this was a retrospective study, and the number of patients was relatively small. Biases due to the nonmatched and unbalanced number of patients in the two groups, as well as treatment selection and confounding variables, cannot be ruled out. However, the major demographic and clinical characteristics of the two groups were almost identical, and our results were consistent with those of previous studies. [20] [21] [22] 44 Further studies with larger cohorts are desired. Second, this study evaluated two combinations, sorafenib plus TACE and sorafenib plus HAIC. These two modalities have different characteristics, and HAIC is not a recommended standard therapy except in Japan. Combining these groups may have affected the interpretation of the results. However, the antitumor effects of these combinations and the survival times of the two subgroups did not differ significantly. Furthermore, the combination therapies were administered to patients with extrahepatic metastases if they were likely to enhance control of intrahepatic lesions, as the present study addressed the use of combination therapies to treat intrahepatic lesions. Further investigations of each modality independently and clarifications of their indications are required.
In addition, new treatment options may be available for patients with advanced HCC in the near future. Regorafenib was shown to provide survival benefit in patients with advanced HCC who were refractory to sorafenib (RESORCE trial). 11 However, the duration of sorafenib treatment was longer than that in a second clinical trial (GIDEON trial; 7.8 vs 3.8 months). 11, 30 That is, some ingenuity might be required to prolong the duration of sorafenib treatment in clinical settings. The present study also found that hepatotoxicity was frequent in the combination therapy group. Furthermore, repeated administration of TACE was found to be associated with a decline in hepatic function. 50 Although this decline was not considered problematic in the present study of combination therapies, hepatic function should be maintained in patients with advanced HCC, allowing secondline treatments or alternative therapies to be considered. Recently, nivolumab, a programmed cell death protein-1 immune checkpoint inhibitor, was reported to show higher tumor response and lower adverse event rates. 51 Furthermore, combination therapies with TKIs and such immune checkpoint inhibitors may extend survival in patients with advanced HCC. 52 Studies are needed to optimize use of these new drugs and combination therapies including new agents.
Conclusion
This study showed that the combination of sorafenib and hepatic arterial treatment was effective and tolerable in patients with advanced HCC, even in those with MVI or HBV infection who might be refractory to sorafenib monotherapy. Combining treatment modalities that are superior in controlling tumors might lead to better disease control, allowing prolonged administration of sorafenib. Prolonged treatment duration may further improve disease control. Further investigations, including the control of adverse events and optimal agents combined with TKIs, are required.
